We demonstrate a silicon photonic crystal cavity enhanced second-harmonic generation (SHG) in tungsten diselenide. The observed SHG is enhanced by a factor of ~200 compared to a bare monolayer on silicon.
Introduction:
Recent years have seen enormous effort to building a CMOS compatible photonics platform. Optical nonlinearity will be an important addition to integrated photonics for all-optical information processors and on-chip light sources. However, the weak optical nonlinearity of CMOS compatible materials results in large optical switching power, making optical nonlinearities unattractive. This issue can be reduced significantly by incorporating the nonlinear materials into high quality factor (Q) cavities, where light is stored in a small volume for an extended period. It can be shown that for a nonlinear optical switch, the switching power scales as for the third order and for the second order nonlinearity [1, 2] . Furthermore, the second order nonlinear effects tend to dominate over third order effects at low powers. Unfortunately, materials such as silicon lack the nonlinearity because of their centrosymmetric crystal structure, and well-studied material systems that do possess the nonlinearity require explicit lattice matching or wafer bonding in order to be incorporated onto a silicon photonics device. The recently discovered atomically thin 2D transitional metal dichalcogenides (TMDCs) possess considerable nonlinearity, and can easily be incorporated onto photonic structures utilizing only van der Walls forces. Due to the unusual magnitude of the TMDC nonlinearity these monolayers can provide similar nonlinearity offered by III-V photonic platforms. Such a hybrid platform that can leverage both the mature CMOS infrastructure and the nonlinearity of TMDCs, will provide a highly attractive nano-photonics platform for all-optical signal processing.
Experimental Design
Our experiment utilized a linear three hole defect (L3) photonic crystal cavity (PCC) due to its small footprint. Exfoliated TMDCs are typically on the order of microns, making PCCs more attractive as they can be completely covered ( Figure 1 ) unlike many of the reported ultra-high Q ring resonators with radii on the order of millimeters. Ideally, one would have modes at both the fundamental and second harmonic frequency, however as our device is made from silicon this is not possible. Even then, we expect to observe significant enhancement in the SHG signal [3] . 
Results
We resonantly pumped the cavity using an optical parametric amplifier (OPA), fed by a pulsed femtosecond laser to generate light near 1500 nm. We focused the light onto the cavity region at normal incidence with a 50X Olympus near-IR objective. In gather polarization resolved data we fed the light through a quarter-wave Fresnel rhomb and then through a remotely controlled linear polarizer. By measuring light both on the WSe2 and on the bare silicon substrate we confirm that the light was generated from the monolayer WSe2. To rule out the possibility of photoluminescence we tuned the OPA and confirmed that the SHG signal tuned in response, and is always at twice the frequency of the pump laser. We observed a cavity peak in the SHG signal near 745 nm which corresponds to exactly half the wavelength of a cavity mode found in cross-polarized reflectivity at 1490 nm. To determine the cavity contributions, we fit a weighted summation of Lorentzian (cavity), Gaussian (background SHG), and a linear function (background) to the overall SHG signal (Figure 2a) . The polarization resolved SHG signal revealed that the cavity peak is heavily polarized as one would expect from an L3 defect PCC (Figure 2b) . A power series measurement confirmed a quadratic dependence of the integrated intensity of the Lorentzian peak, as one would expect from SHG (Figure 2c and 2d) . The blue-shift of the resonances and cavity broadening seen in Figure 2c is attributed to free carrier effects from the two-photon absorption in the silicon cavity. At the lowest pump power (~18 ), with the least degradation of the cavity due to free carriers, we found a quality factor of ~630. Theoretically, we expect the Q measured in this fashion to be the same as the Q measured from the linear reflectivity spectrum (~745). We attribute the slight deviation from this estimate to the free carrier induced broadening. We estimated the relative magnitude of SHG from the measured spectrum by integrating over the cavity spectral window for both the Lorentzian (cavity) and Gaussian fits (the background SHG). At the lowest pump power this gives us an enhancement of ~200. We have demonstrated enhanced SHG using monolayer material using a silicon PCC. The reported efficiency is limited by use of silicon (absorbs second harmonic signal), lack of cavity modes at the second harmonic frequency and low quality factors. Our current work focuses on high-Q silicon nitride resonators with modes at both fundamental and second harmonic frequencies, where we expect to observe a much larger enhancement, potentially enabling single photon nonlinear optics. This work is supported by the National Science Foundation under grant NSF-EFRI-1433496, the Air Force Office of Scientific Research-Young Investigator Program under grant FA9550-15-1-0150, and AFOSR (FA9550-14-1-0277).
